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The geometries are reported for interacting arginine-carboxyl pairs obtained from 37 high resolution protein 
structures solved to a resolution of 2.0 A or better. The closest interatomic distance between the guani- 
dinium and carboxyl is less than 4.2 A for 74 arginine and carboxyl groups, with the majority of these lying 
within hydrogen-bonding distance (2.6-3.0 A). Interacting pairs have been transformed into a common 
orientation, and arginine-carboxyl, and carboxyl-arginine g ometries have been calculated. This has been 
defined in terms of the spherical polar angles TO, T~o, and the angle P, between the guanidinium and carbox- 
yl planes. Results show a clear preference for the guanidinium and carboxyl groups to be approximately 
coplanar, and for the carboxyl oxygens to hydrogen bond with the guanidinium nitrogens. Single nitrogen- 
single oxygen is the most common type of interaction, however twin nitrogen-twin oxygen interactions also 
occur frequently. The majority of these occur between the carboxyl oxygens and the NH 1 and NE atoms 
of the arginine, and are only rarely observed for NH 1 and NH2. The information presented may be of use 
in the modelling of arginine-carboxyl interactions within proteins. 
Arginine-carboxyl interaction; Ion pair; Hydrogen-bonding; Drug design; Protein modelling 
1. INTRODUCTION 
About 40o7o f ion pairs within proteins involve 
arginine-carboxyl interactions [1]. Arginyl residues 
have been suggested as being an important factor 
in the thermostability of proteins [2]. For example, 
the eye-lens protein y-I I  crystallin has a functional 
requirement to be especially stable, since it must 
exist for the entire life span of the animal. It has 
been suggested that the above average number of 
arginine-carboxyl interactions, which form net- 
works of ion pairs on the surface of this protein, 
make an important contribution to its increased 
stability [3]. The heat stability of thermophile over 
mesophile ferredoxins is thought to be a conse- 
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quence of salt-bridges linking residues at the 
amino- and carboxy-termini of the protein [4]. 
Arginine-carboxyl interactions often play an im- 
portant role in protein-substrate interactions. It 
has been suggested that as a general rule enzymes 
acting on anionic substrates will have an arginine 
residue located at the active site [5]. For example, 
in carboxypeptidase A, arginines 71, 127 and 145 
line the active site groove, and are thought o be in- 
volved in the guiding of the carboxyl-termini of the 
enzyme substrates into their final binding site [6]. 
The X-ray structure of aspartate carbamoyltrans- 
ferase complexed with the bisubstrate analogue N- 
(phosphonacetyl)-L-aspartate at 3.0 ,~ resolution, 
shows the substrate ce-carboxylate in proximity to 
arginines 105 and 167, and arginine 229 in contact 
with the ¢?-carboxyl [7]. 
Due to the importance of arginine-carboxyl 
pairs in protein structure and function, an analysis 
of their geometry may prove valuable in 
understanding the nature of these interactions. We 
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have therefore set out to evaluate whether the 
arginine-carboxyl  pairs from 37 high resolut ion 
structures assume preferred geometries. The 
geometry of  an arginine-carboxyl  interact ion has 
been calculated by t ransforming all pairs into a 
common or ientat ion and then calculating both the 
approach of  a carboxyl  towards that of  a 
' reference'  arginine, and that for an arginine 
towards a ' reference'  carboxyl  in terms of  the 
spherical polar  angles TS, T¢, and the angle be- 
tween the guanidin ium and carboxyl  planes, P. To 
assess the signif icance of  the observed geometries 
we have compared them with those we would ex- 
pect to arise by chance. 
2. METHODOLOGY 
Al l  arginines, aspart ic and glutamic acid 
Table 1 
37 proteins used in the analysis of arginine-carboxyl geometries 
Resolution Protein Source Brookhaven Number of 
,~ code interactions 
2.0 carbonic anhydrase form C human erythrocyte 1CAC 4 
2.0 ferredoxin Peptococcus aerogenes 1FDX 0 
2.0 high potential iron protein Chromatium vinosum 1HIP 1 
1.38 neurotoxin snake venom 1NXB 2 
2.0 papain papaya fruit latex 1PPD 6 
2.0 Bence-Jones rei protein human 1REI 1 
1.5 cytochrome c tuna 4CYT 1 
2.0 leghaemoglobin yellow lupin 1LH1 1 
2.0 lysozyme hen egg white 2LYZ 1 
1.8 penicillopepsin Penicillium janthinellium 2APP 0 
1.7 actinindin Chinese gooseberry 2ACT 4 
2.0 actinoxanthin Actinomyces globisporus 1ACX 1 
2.0 superoxide dismutase bovine 2SOD 1 
2.0 azurin Alcaligenes denitrificans 1AZA 2 
2.0 citrate synthetase pig 2CTS 8 
1.85 parvalbumin carp 3CPV 1 
2.0 calcium binding protein bovine I lCB 0 
1.54 carboxypeptidase A bovine 5CPA 5 
1.67 ce-chymotrypsin cow 5CHA 0 
1.5 ovomucoid third domain silver pheasant 2OVO 0 
1.7 phospholipase a2 bovine 1BP2 0 
1.6 plastocyanin poplar leaves 1PCY 0 
1.6 thermolysin B. thermoproteolyticus 3TLN 6 
2.0 cytochrome b5 bovine 2B5C 3 
1.5 crambin Abyssinian cabbage 1CRN 1 
1.8 cytochrome c3 Desulfovibrio vulgaris 2CDV 0 
1.7 dihydrofolate reductase E. coli B 4DFR 3 
1.5 insulin porcine 1 INS 0 
1.4 erythrocruorin chironomid larva 1ECD 1 
2.0 glutathione reductase human erythrocyte 2GRS 1 
2.0 haemerythrin sipinculid worm 1HMQ 2 
1.9 immunoglobulin Fab human kohl I FB4 9 
1.8 prealbumin human 2PAB 1 
1.45 ribonuclease A bovine 1RN3 2 
1.2 rubredoxin Clostridium 5RXN 0 
1.0 trypsin inhibitor bovine pancreas 5PTI 1 
1.5 staphylococcal nuclease Staphylococcus aureus 2SNS 5 
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Fig. 1. (a) Diagrammatic representation f the spherical polar angles, T0~, T¢~. The 'reference' ARG is lying in the x-y- 
plane with the interacting carboxyl above it. T81 represents he angle of elevation of the carboxyl carbon above the x-y- 
plane of ARG. T¢~ is the equatorial angle of the carbon of the carboxyl measured by taking the projection of the carbon 
of the carboxyl onto the x-y-plane and calculating the angle between this point and the x-axis. The CZ of the ARG 
lies at the origin of the coordinate system, whose axes are shown as arrows, denoted X, Y, Z. (b) Diagrammatic 
representation f the spherical polar angles Tt~2, T¢2. The 'reference' carboxyl (CARBOXYL) is lying in the x-y-plane 
with the interacting arginine above it. T82 represents he angle of elevation of the CZ of the arginine above the plane 
of CARBOXYL. T~2 is the equatorial angle of the CZ of the arginine, measured by taking the projection of this atom 
and calculating the angle between this point and the x-axis. The carbon of the CARBOXYL lies on the origin of the 
coordinate system whose axes are shown as arrows, denoted X, Y and Z. 
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residues were extracted from the Brookhaven Pro- 
tein Databank [8] from 37 high resolution protein 
structures (see table I). To ensure reliable data, all 
residues having low occupancies, or cited in the 
literature as being poorly defined were excluded. 
All homologous interactions between the different 
proteins were removed, and only intramolecular 
interactions were considered. We were left with 
159 arginine, 336 aspartic and 268 glutamic acid 
residues. The assignment of NH1 and NH2 of the 
arginine in Brookhaven omenclature is arbitrary. 
However, as a consequence of the planarity of the 
guanidinium cation, the CD atom lies in the plane 
on the same side as one of the aforementioned 
nitrogens, and it is important to be able to 
distinguish between them. Therefore, in order to 
transform our coordinates into a common orienta- 
tion all nitrogens connected to the CZ which were 
found to be on the same side of the arginine as the 
CD, were defined as NH2, and all the remaining 
nitrogens as NH1. 
Geometrical parameters were calculated using 
the generalised side chain interaction program 
SIRIUS [9]. The program possesses the capability 
of calculating the pairwise geometry between 
atoms, groups of atoms, and side chains of the 20 
amino acids in proteins. To define an interaction 
between an arginine and carboxyl, the interatomic 
distance (d) was calculated between the NE, CZ, 
NH 1 and NH2 atoms of the guanidinium, with the 
carboxyl carbon and oxygens in the dataset. 
Residues were regarded as interacting if the ob- 
served distance between any of the above atoms 
was less than that given by summation of the 
respective van der Waals radii [10], plus a 1 A 
cutoff to allow for coordinate rror. 
If an arginine and carboxyl were found to be in- 
teracting, their geometry was calculated as follows: 
(i) Calculate the parameter P which is indepen- 
dent of the coordinate system: P = angle between 
the planes of the guanidinium and carboxyl (least- 
squares plane defined for arginine as the plane oc- 
curring through atoms NE, CZ, NH1 and NH2, 
and for the carboxyl through the carbon and car- 
boxyl oxygens). 
(ii) Define a 'reference' arginine (ARG) con- 
structed from ideal bond lengths and angles [10] 
with the CZ located at the origin, with its x-axis ly- 
ing along the CZ-NE bond; the z-axis perpen- 
dicular to the plane of ARG, and y-axis orthogonal 
to x and z (fig.la). 
(iii) Superpose the arginine residue of an 
arginine-carboxyl pair onto this reference ARG, 
apply the resulting matrix to the carboxyl residue 
and calculate the polar coordinates Tt~l and TO1 of 
the carbon of the carboxyl where: TS~ = angle of 
elevation of the carboxyl carbon from the plane of 
the ARG (azimuthal angle); T¢5~ = equatorial angle 
of the carbon of the carboxyl in the plane of ARG. 
(iv) Repeat he above procedure but this time us- 
ing a 'reference' carboxyl (CARBOXYL) con- 
structed from ideal bond lengths and angles. The 
carbon of CARBOXYL is located at the origin, the 
x-axis lies in the opposite direction to that given by 
bisection of the carboxyl oxygens; the z-axis is 
perpendicular to the plane of CARBOXYL and the 
y-axis is in the plane of CARBOXYL, orthogonal 
to x and z. This time calculate the polar coor- 
dinates Tt?2, T¢~2 of the CZ of the interacting 
arginine where (fig. lb): T82 = angle of elevation of 
the arginine CZ from the plane of CARBOXYL; 
T¢~2 = equatorial angle of the CZ of the arginine 
in the plane of the CARBOXYL. 
3. RESULTS 
Fig.2a shows the interatomic distance distribu- 
tion for the closest approach between the 
guanidinium of the arginine and the carboxyl car- 
bon and oxygens. Since the volume that is sampled 
varies proportionately with the interatomic 
distance (d), we have normalised our distribution 
by dividing the number of interacting residues at a 
given distance interval by d 2. The plot approx- 
imates to a normal distribution with the majority 
of interactions between 2.6 and 3.0 ,&, the peak in 
the distribution at 2.8 .& suggests a preference for 
the pairs to lie within hydrogen bonding distance 
of each other. The frequency of the number of 
residues between interacting arginine-carboxyl 
pairs (fig.2b) shows that 50°70 are located within 10 
amino acids of each other along the polypeptide 
chain, while 80% are within 30. Therefore 
arginine-carboxyl interactions tend to be local in 
sequence. 
The plot of the observed frequency for the angle 
between the planes gives information about the in- 
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clination of  the interacting arginine and carboxyl. 
High values (P -90  °) suggest he two are approx- 
imately perpendicular, low values (P -0  °) that 
they are coplanar. In an analysis of  phenylalanine 
interactions [11,12] in proteins we have shown that 
to determine the significance of the observed fre- 
quencies it is important o take into account he ex- 
pected frequency distribution. For the angle 
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between the planes (P) the random frequency 
distribution varies as the sine of  this angle (see * in 
fig.2c). Therefore one would expect purely by 
chance a larger proport ion should be observed at 
higher angular ranges, and fewer at low. Fig.2c 
shows the observed frequency for the 74 interac- 
ting arginine-carboxyl pairs has a notable excess of  
low angular values. Therefore despite the bias for 
high P there exists a statistically significant (a X 2 
analysis, with 7 degrees of  freedom shows that the 
probabil ity of  the P distribution arising by chance 
being less than 1%. This is also the case for the 
T01, T02, P at T81 = 0-22.5 °, and P at T02 = 
0-22.5 ° distributions.) deviation for the observed 
distribution to favour low P values with all interac- 
tions apart f rom 30 ° to 40 ° being more frequent 
than expected, from 50 ° to 90 ° being less. This 
Fig.2. (a) Interatomic distance distribution for the 
closest approach between the guanidinium and carboxyl 
groups in 37 high resolution structures. The distribution 
has been normalised to ensure equal sample sizes are 
considered by dividing the number of interactions at a 
given distance interval (d) by d 2. (b) Plot of the 
frequencies for the number of residues between 
interacting arginine-carboxyl pairs. (c) Distribution of 
the angle between the planes (P). The plane for arginine 
is defined as the least-squares plane between the atoms 
NE, CZ, NH1 and NH2. Least-squares plane for 
carboxyl is defined as the plane occurring through 
carbon and carboxyl oxygens. The expected istribution 
from a random orientation of two planes [frequency c~ 
(sin P)] is shown as a *. (d) Distribution of the angle of 
elevation of the carbon atom of the carboxyl above the 
plane of ARG (T81). The frequencies obtained from a 
random distribution of T#I as calculated from volume 
considerations [frequency oc (cos T#I)] are shown as a * 
(e) Distribution of the angle of elevation of the CZ of the 
arginine above the plane of CARBOXYL (T82). The 
expected istribution is calculated in the same manner as 
that for TSl, and is shown as a *. (f) Distribution of the 
equatorial angle T¢], obtained by taking the projection 
of the carboxyl carbon onto the x-y-plane of the 
reference ARG, and calculating the angle between this 
point and the x-axis. T¢~ ranges from 0 ° to 360 °, and 
has no normalisation factor. (g) Distribution of the 
equatorial angle T¢2, obtained by taking the projection 
of the arginine CZ onto the x-y-plane of the reference 
CARBOXYL, and calculating the angle between this 
point and the x-axis. Due to the symmetrical nature of 
the carboxyl group T~2 ranges from 0 ° to 180 °. T~2 has 
no normalisation factor. 
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suggests an inherent bias for the interacting roups 
to assume low interplanar angles. 
Fig.3 shows stereo pictures of  the transformed 
arginine-carboxyl pair displaying the approach of 
the carboxyl towards the 'reference' arginine 
(ARG), and that for the arginine towards the 
'reference' carboxyl (CARBOXYL).  In both cases 
the majority of  interactions occur in the plane of 
the 'reference' residue (fig.3b,d), as seen by the 
peaks in the observed frequency distributions (TS~, 
3 , 3 
/ 
o , 
b 
! ! 
Fig.3. Stereo diagrams of the arginine-carboxyl pairs transformed into a common orientation. (a,b) The approach of 
carboxyl groups towards a 'reference' arginine (ARG), obtained by fitting the arginine of an arginine-carboxyl pair onto 
ARG located at the origin, and then applying the resulting matrix to the carboxyl. (c,d) The distributions for the 
approach of the arginine towards the CARBOXYL, obtained by fitting the carboxyl of an arginine-carboxyl pair onto 
CARBOXYL located at the origin, and then applying the resulting matrix to the arginine. (a) View down the positive 
z-axis towards ARG which is lying in the x-y-plane, l, 2, 3 denote different parts of the distribution; 1 is the cluster 
of twin nitrogen-twin oxygen contacts between the carboxyl oxygens and the NE and NH1 of the ARG. 2 represents 
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T~2, 0-30  °, f ig.2d,e). The expected distr ibut ion 
varies as the cosine of  the angle (see * in f ig.2d,e). 
Therefore purely on a volume basis in-plane in- 
teract ions would be expected to be more common.  
Nevertheless, the excess of  in-plane interactions is 
much higher than would be expected by chance, 
suggesting a preference for interactions to occur in 
the plane. In addit ion to the propensity for in- 
plane interactions there exists a striking preference 
for the posit ion in the plane from which the in- 
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interactions directly in front of NH1 and NH2 atoms. 3 are contacts on the CD site of ARG. (b) View along the x-y- 
plane, looking directly along the NE-CZ bond such that cluster 1 is on the left hand side of ARG, 3 is on the right, 
and 2 is below the plane of the paper. (c) View down positive z-axis towards CARBOXYL which is lying in the x-y-plane. 
1 ',  2 ' ,  3' represent different parts of the distribution; 2' is the cluster of twin nitrogen-twin oxygen contacts, 1' and 
3' are the single oxygen-nitrogen interactions. (d) View along x-y-plane with 2' seen as a distinct cluster to the left of 
CARBOXYL, and 3' below the plane of the paper. 
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teracting roup approaches the 'reference' residue. 
The distribution of carboxyls around ARG, de- 
fined by TOl, shows that twin nitrogen-twin 
oxygen interactions involving NE and NH1 are 
clearly favourable and this is expressed in the pro- 
minent cluster that is observed (fig.2f, T~I  = 
270-330 °, see cluster 1 in fig.3a). However, ap- 
proach directly in front of the NH1 and NH2 is less 
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common, with almost all being single oxygen- 
single nitrogen (fig.2f, T~I  = 160-200 °, see cluster 
2 in fig.3a). For approach of the arginines towards 
the CARBOXYL, a crescent distribution is observ- 
ed which is heavily populated irectly in front of 
the carboxyl oxygens, due to the presence of twin 
nitrogen-twin oxygen interactions (fig.2g, TO2 = 
170-180 °, fig. 3c cluster 2').  It is seen that very few 
b TS1 = 22 .5 -80 .0  
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Fig.4. (a,b) Distribution of the angle between the arginine and carboxyl planes (P) for varying angles of TO~. (a) TO~ 
= 0-22.5°; (b) TO~ = 22.5-90.0 °. P distribution for varying 7"#2 follows a similar trend. The expected istribution for 
a random distribution of the two planes is shown as a *. (c) Stereo diagram of a typel interaction between Arg 71 and 
Asp 69 from dihydrofolate r ductase. The closest interatomic distance is 3.01 A and occurs between the NE of the Arg 
and the OD1 of the Asp. Other geometrical parameters are: P = 15 °, TO~ = 6.35 °, and T02 = 9.3 °. The twin nitrogen- 
twin oxygen interaction has been highlighted by dashed lines. 
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interactions approach directly behind the carbon 
of CARBOXYL (fig.2g, T~2 = 0-60°), similarly 
with the distribution of carboxyls around ARG, 
only a limited number approach around the CD 
region of the ARG (fig.2f, T¢ I= 0-80°). In both 
cases this reflects the occlusion of this volume by 
side chain carbon and main chain atoms, and the 
preference of the carboxyl oxygens to approach the 
hydrogens of the guanidinium nitrogens. 
Examination of the geometries of interacting 
phenylalanines has shown that non-random orien- 
tations of the ring planes are only observed for 
those interactions in the volume directly above the 
'reference' residue [12]. The influence of spatial 
location on the orientation of the arginine- 
carboxyl pairs can be determined by monitoring 
variation of P for different TS1, T~2, respectively 
(see fig.4a and b for P distribution for different 
T81 angles. The same trend is observed for the P 
distribution by varying TSz). In both cases, and in 
contrast to phenylalanine interactions, non- 
random orientations of P are confined to in-plane 
interactions only, with a statistically significant 
preference for them to favour low interplanar 
angles. The influence of spatial ocation on P can 
be seen in fig.3b and d where for those interactions 
occurring in the plane, the majority assume low P 
(P __< 50°), suggesting a constraint on these groups 
to be approximately coplanar. 
4. DISCUSSION 
Amino acids in proteins are found to pack close- 
ly and form a variety of contacts with neighbour- 
ing groups. Despite these packing constraints 
arginine and carboxyl groups are still found to ex- 
hibit preferred separation distances and non- 
random geometries with respect to each other. The 
results are summarised in table 2 in which the 74 
pairs have been categorised into 10 different 
groups with specified geometries. Approach of a 
carboxyl resulting in a twin nitrogen-twin oxygen 
interaction involving the NH1 and NH2 of the 
arginine is rare (-l°T0 of arginine-carboxyl pairs 
have type2 geometry). However the twin nitrogen- 
twin oxygen interactions between the NH 1 and NE 
of the arginine are common (typel, -22°7o, fig.4c). 
Single oxygen-nitrogen are the most frequent ype 
of interaction (type3, 13°70; type4, 18°70; type5, 
28°7o). This reflects that there are more oppor- 
tunities to form a single nitrogen-single oxygen in- 
teraction than twin nitrogen-twin oxygen interac- 
tions. The higher frequency of the type5 interac- 
tion is possibly due to favourability of the NE and 
NH1 to participate in twin nitrogen-twin oxygen 
interactions. Twin nitrogen-single oxygen and 
single nitrogen-twin oxygen interactions (type6,7, 
8,9) are rarely seen. 
The geometrical constraint of the hydrogen 
bond between the carboxyl oxygens and the 
hydrogens of the guanidinium nitrogens, is shown 
in the non-random preferences for the interacting 
groups to occur in the plane and assume low in- 
terplanar angles. This is clearly shown in the case 
of typel interactions which assume a narrow range 
of spherical polar and P angles, and form of a pro- 
minent cluster. Single oxygen-single nitrogen in- 
teractions also show a preference to lie in the plane 
(table 2, see mean TS1, T82), however they assume 
a broader ange of P and T8 values than those seen 
for typel. This probably arises from the packing of 
the other oxygen. 
There are few high resolution crystallographic 
structures of enzyme-inhibitor/substrate com- 
plexes which involve arginine-carboxyl interactions 
[13-15]. However in both trypsinogen complexed 
with bovine pancreatic trypsin inhibitor, and 
dihydrofolate reductase bound with a trimetho- 
prim analogue, a type2 interaction is seen. It ap- 
pears that geometrical constraints prohibit the 
formation of a type1 interaction in both of these 
complexes. At present here are no examples of 
typel interactions between enzyme-inhibitor/sub- 
strate complexes. This is in contrast o the pre- 
dominance of typel, and infrequent occurrence of 
type2 interactions within proteins. More structural 
data are needed to determine if there is a signifi- 
cant difference in packing between interacting 
arginine and carboxyls within proteins, and those 
occurring between enzymes and their substrates. 
Packing in small molecule crystal structures of 
arginine and carboxyl amino acaids reveals no 
clear preference for typel interactions over type2 
[15-17]. However, quantum mechanical calcula- 
tions on methylguanidinium-carboxylate suggest 
an energetic favourability for typel. This arises 
due to the slightly higher partial positive charge on 
the hydrogens belonging to the NH1 and NE, 
together with the electrostatic contribution of the 
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Table 2 
Classification of geometries assumed by interacting arginine-carboxyls and frequencies observed 
Type Structure Type of Arginine atoms No. Angular ranges a
contacts involved observed 
P T~I T82 
1 twin N-twin O NH1, NE 16 20-50 (32) 0-10 (7) 0-40 (15) 
2 twin N-twin O NH1, NH2 1 10-20 (17) 0-10 (5) 0-10 (2) 
3 single N-single O NE 10 0-90 (50) 0-50 (25) 0-30 (17) 
4 single N-single O NH1 14 20-90 (51) 0-80 (31) 0-60 (30) 
5 single N-single O NH2 21 20-90 (63) 0-50 (20) 0-50 (22) 
6 single N-twin O NH1 2 20-50 (34) 0-20 (I0) 0-10 (3) 
7 single N-twin O NH2 2 20-90 (56) 0-10 (4) 0-10 (6) 
8 twin N-single O NH1, NH2 2 20-50 (38) 0-20 (9) 0-30 (16) 
9 twin N-single O NE, NH1 2 40-50 (46) 0-10 (6) 0-10 (6) 
l0 b staggered stacking 4 10-50 (36) 50-70 (57) 20-70 (39) 
a Values in parentheses represent mean angles 
b Lines represent planes of arginine and carboxyl edge on 
CD of the arginine in proximity to the hydrogen 
bonding atoms [18]. 
The observation that arginine-carboxyl pairs 
adopt preferred orientations in proteins, may be of 
use in the modelling of ion pairs. While limited 
structural data exist on the effects of mutations in- 
troduced into proteins, a database of side chain in- 
teractions may prove useful in determining the 
conformation of the altered residue, possibly in the 
design of proteins with increased stability. It could 
also be used in predicting the packing of substrates 
to the active sites of proteins, and in modelling 
drug-receptor interactions. 
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